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Edited by Berend WieringaAbstract Translationally controlled tumour protein (TCTP) is
involved in malignant transformation and regulation of apopto-
sis. It has been postulated to serve as a guanine nucleotide
exchange factor for the small G-protein Rheb. Rheb functions
in the PI3 kinase/mTOR pathway. The study presented here
was initiated to characterise the interaction between TCTP
and Rheb biochemically. Since (i) no exchange activity of TCTP
towards Rheb could be detected in vitro, (ii) no interaction
between TCTP and Rheb could be detected by NMR spectros-
copy, and (iii) no eﬀect of TCTP depletion in cells on the direct
downstream targets of Rheb could be observed in vivo, this study
shows that TCTP is unlikely to be a guanine nucleotide exchange
factor for Rheb.
Structured summary:
MINT-6741806:
RAP1B (uniprotkb:P61224) physically interacts (MI:0218)
with Epac1 (uniprotkb:O95398) by anti tag coimmunoprecipita-
tion (MI:0007)
 2008 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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NMR1. Introduction
The PI3 kinase/mTOR pathway is a highly conserved signal
transduction route that integrates growth factor signalling and
nutrient status of the cell. During Drosophila development
TOR is required cell-autonomously for normal growth and
proliferation [1]. In mammals, mTOR activity plays an impor-
tant role in proliferation and inhibition of apoptosis, including
that of tumour cells. mTOR has thus gained much interest as a
therapeutic target in cancer [2]. mTOR is present in two dis-
tinct protein complexes, mTORC1 and mTORC2. mTORC1
is activated by the Ras-like G-protein Rheb and aﬀects protein*Corresponding authors.
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T.Zwartkruis@umcutrecht.nl (F.J. Zwartkruis), alfred.wittinghofer@
mpi-dortmund.mpg.de (A. Wittinghofer).
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doi:10.1016/j.febslet.2008.07.057translation via phosphorylation of S6 kinase and 4E-BP1 [3].
Rheb itself is under the negative control of a GTPase activat-
ing protein (GAP) complex, consisting of the tumour suppres-
sors TSC1 and TSC2 (also known as hamartin and tuberin,
respectively). This complex enhances the hydrolysis of GTP
bound to Rheb. TSC1/2 activity itself is inhibited upon phos-
phorylation by PKB/Akt and RSK, which become activated
upon growth factor stimulation. Loss of TSC1 or TSC2 results
in a high GTP-loading of Rheb and constitutive mTORC1
activation [3].
Ras-like G-proteins are not only negatively regulated by
GAPs, but also positively by guanine nucleotide exchange fac-
tors (GEFs) [4]. GEFs interact directly with G-proteins and
thereby lower the aﬃnity of the G-protein for its bound nucle-
otide. As a consequence, this nucleotide is released and re-
placed by excess bulk GTP under physiological conditions
[4]. Recently, TCTP was identiﬁed as a GEF for Rheb by
Hsu et al. who observed a genetic link between TCTP and
the PI3K/TOR pathway in Drosophila [5]. Since the structural
characterisation of TCTP had shown similarity to Mss4, a
GEF for the Rab family [6], Hsu et al. hypothesised that TCTP
might function as a GEF for Rheb and apparently conﬁrmed
this hypothesis by biochemical experiments for both Drosophila
and mammalian systems [5]. Here we demonstrate by the use
of puriﬁed mammalian proteins, that TCTP is very unlikely to
be a GEF for Rheb.2. Materials and methods
2.1. Fluorescence base GEF assay
Loading of Rheb with mGDP (2 0-/3 0-O-(N 0-Methylanthraniloyl)-
guanosine-50-O-diphosphate) and measurement of nucleotide exchange
was performed essentially as described [7].2.2. In vivo GEF assay
Nucleotides bound to Rheb immuno-precipitated from 32P labelled
cells were analysed by thin layer chromatography as described [8].2.3. Analytical gel ﬁltration
One hunderd microns TCTP and 100 lMRhebGDP were incubated
in 50 mM Tris–HCl, pH 7.6, 150 mM NaCl, 3 mM DTT, 5% glycerine
in the presence or absence of 20 mM EDTA and eluted from an
analytical S75 (Pharmacia) gel ﬁltration column equilibrated with the
same buﬀer. Fractions were collected and analysed by SDS gel
electrophoresis.ation of European Biochemical Societies.
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Fig. 1. In vitro and in vivo exchange assay (A) Nucleotide exchange of
200 nM RhebmGDP was initiated by the addition of 200 lM GDP in
the presence or absence of 1 lM TCTP. (B) Upper panel: thin layer
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Uniformly enriched 15N samples contained up to 0.2 mM Rheb in
50 mM phosphate buﬀer, pH 8, 5 mM MgCl2, 10 mM NaCl, 1 mM
TSP, 1 mM DTT, and 10% D2O [9,10]. Puriﬁed TCTP was prepared
in the same buﬀer. All spectra were recorded at 298 K on a Bruker
DRX600 spectrometer equipped with a pulsed ﬁeld gradient and a tri-
ple resonance probehead as described previously [9,10]. Titration of
Rheb with TCTP consisted of monitoring changes of chemical shifts
and line widths of the backbone amide resonances of uniformly 15N-
enriched Rheb samples as a function of TCTP concentration [9–12].
This resulted in a series of 1H–15N-HSQC spectra, following the pro-
cedure of SAR by NMR [13,14].
2.5. Cell culture
For co-immuno-precipitation studies, HA-tagged versions of Rheb
or Rap1B were co-transfected with ﬂg-tagged TCTP or YFP-tagged
Epac1 in HEK293T cells. Cells were lysed in a buﬀer containing
50 mM Tris–HCl (pH 7.5), 140 mM NaCl, 5 mM EDTA, 1% NP-40,
10% glycerol and protease inhibitors. HA-tagged proteins were immu-
no-precipitated with 12CA5 anti-HA antibody coupled to protA aga-
rose beads.
For RNAi studies A14-NIH 3T3 and TSC2/ Mefs cells were cul-
tured in DMEM supplemented with 10% fetal calf serum, serum
starved over night, stimulated with insulin (1 lg/ml) for 15 min where
indicated, washed twice in PBS and lysed in Laemmli sample buﬀer.
Antibodies: aP-T389-S6 kinase (Cell Signalling), aTCTP (Abcam).
RNAi was done using Oligofectamin and ON-TARGET PLUS siR-
NAi L-074812 to target TCTP or the siCONTROL D-001810 (Dharm-
acon) according to the manufacturers recommendations.
S2 cells were grown in Schneiders medium with 5% fetal calf serum
and RNAi experiments were performed as described [15]. dsRNA
against TCTP were synthesised by in vitro transcription using a T7
MEGAscript kit (Ambion).
Total RNA was extracted from cells using the RNeasy Mini Kit
(Qiagen), DNA was removed with DNA-free (Ambion) and cDNA
was synthesized using Superscript reverse transcriptase (Invitrogen)
according to the manufacturers protocol. The PCR was performed
with Taq polymerase using gene speciﬁc primers.
Antibodies: Drosophila aP-T389-p70 S6 kinase (Cell Signalling), and
aPKC (Santa Cruz).
2.6. Structural analysis
Proteins were superimposed using the algorithm provided by Bragi
[16]. Figures were generated by the programs molscript [17] and Ras-
ter3D [18].chromatography of the nucleotides immuno-precipitated with Rheb
from 32P labelled A14 NIH-3T3 cells left untreated or treated with
insulin for 15 min. Lower panel: Western Blot for TCTP.3. Results
3.1. In vitro and in vivo GEF assays
To detect TCTP GEF activity a real time ﬂuorescence-based
in-solution assay and puriﬁed proteins were used. Rheb was
loaded with the ﬂuorescent GDP analogue mGDP. The ﬂuo-
rescence intensity of Rheb bound mGDP is approximately
twice as high as that of free mGDP in solution. The nucleotide
exchange reaction can thus be monitored in the presence of
excess GDP as a decay in the ﬂuorescence signal [19]. No
diﬀerence in the rate of nucleotide exchange is observed in
the absence or presence of 2 lM TCTP (Fig. 1A), indicating
that TCTP does not act as a GEF under these conditions.
To investigate GEF activity in vivo, we determined the frac-
tion of GTP-bound Rheb in cells that had been transfected with
control or TCTP siRNA. No eﬀect of TCTP RNAi on the
GDP/GTP ratio of Rheb bound nucleotide could be detected,
consistent with our in vitro GEF measurements (Fig. 1B).3.2. Analysis of complex formation in the absence of Mg2+
GEFs are characterised by high aﬃnity binding to the nucle-
otide free version of G-proteins [4]. Experimentally, the GEFcan be forced into its interaction with the G-protein by remov-
ing Mg2+ from the reaction mixture, since the co-factor Mg2+
is required for high aﬃnity nucleotide binding to the G-pro-
tein. Commonly a stable complex of GEF and G-protein can
be isolated by gel ﬁltration in the absence of Mg2+. When a
mixture of TCTP and Rheb was subjected to analytical gel ﬁl-
tration either in the presence or absence of Mg2+ each protein
was found exactly at the same elution volume as compared to
runs with the single proteins, indicating that TCTP is unable to
form a stable complex with nucleotide free Rheb (Fig. 2A). In
agreement with this, it was not possible to co-immuno-precip-
itate human Rheb and TCTP from HEK293T cells in the pres-
ence of EDTA, conditions under which Rap and its GEF Epac
were interacting (Fig. 2B). Also in immuno-precipitates of ﬂg-
tagged TCTP no HA-Rheb could be detected (data not
shown).
3.3. Binding studies by NMR
In NMR experiments the chemical shift values of amino
acids are sensitive to changes of the chemical environment to
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complex is thus accompanied by changes of the chemical shifts
of residues involved in the interaction. A putative interaction
between Rheb and TCTP was investigated by multidimen-
sional heteronuclear NMR spectroscopy using 15N isotopicallyenriched Rheb and unlabelled TCTP. No signiﬁcant weighted
1H and 15N NMR chemical shift diﬀerences could be detected
between RhebGDP in the presence and absence of up to three-
fold molar excess of TCTP (Fig. 3). This shows that, under the
given experimental conditions, Rheb and TCTP do not inter-
act with each other.
3008 H. Rehmann et al. / FEBS Letters 582 (2008) 3005–30103.4. TCTP does not aﬀect S6 kinase
To test the functional relevance of TCTP for Rheb activa-
tion, the eﬀects of RNAi-mediated TCTP knock down using
phosphorylation of S6 kinase as a read out for mTOR activity
was analysed in mammalian as well as Drosophila cells. In
NIH3T3-A14 cells, in which insulin-dependent induction of
RhebGTP was shown (Fig. 1B and [8]), knock down of TCTP
did not aﬀect basal or insulin-induced S6 kinase phosphoryla-
tion (Fig. 4A). Similarly, no eﬀect of TCTP knock down on S6
kinase phosphorylation could be observed in cells that were de-
rived from TSC2 knock out mice (Fig. 4A).
Since most biochemical studies on TCTP in the study of Hsu
et al. [5] were performed in Drosophila cells, TCTP wasA
B
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Fig. 5. Structural comparison of TCTP and Mss4. (A) Stereo view of the
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molecule (grey, ball-and-stick representation) was placed into Rab3 according
shown as ball-and-stick representation and highlighted in red. (B) Structu
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2hr9, 1yz1). Secondary structure elements are indicated. Sequences correspon
Glu12 of TCTP and the corresponding Arg29 in Mss4 are highlighted in redknocked down in S2 cells as well. While Rheb RNAi clearly
lowered phosphorylation of S6 kinase, a TCTP dsRNA frag-
ment, which eﬃciently knocked out TCTP RNA, did not show
a similar eﬀect (Fig. 4B). Together, this indicates that TCTP is
not a rate limiting enzyme in the activation of S6 kinase neither
in vertebrate nor in Drosophila cells.
3.5. Comparison of TCTP and the Mss4 Æ Rab complex
The solution structure of TCTP from Schizosaccharomyces
pombe demonstrated that the core fold of TCTP is identical
to Mss4 [6]. Mss4 acts as a GEF for several members of the
Rab family and the structure of Mss4 bound to Rab8 was
determined by X-ray crystallography [20]. In order to analyseGDP
4a
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TCTP
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superimposition of yeast TCTP (pdb entry 1h6q) and the Mss4Rab3
to Mss4 are highlighted in dark blue. Mss4 is shown in light green;
n in yellow. To indicate the (empty) nucleotide binding site, a GDP
to the structure of the Rab1AGDP complex (pdb entry 2fol). Glu12 is
ral based alignment of Mss4 and TCTP of diﬀerent species; pombe,
sapiens; drome, Drosophila melanogaster (pdb entries 2fu5, 1h6q, 1txj,
ding to ﬂexible regions in the crystal structures are in bold grey letters.
.
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complex, with Rab serving as a model for Rheb (Fig. 5A).
TCTP has two insertions in comparison to Mss4 (Fig. 5B).
The insertion between b3 and b4 is large and located such that
it extends and severely clashes with Rab/Rheb. The insertion
would thus most likely exclude a binding mode of Rheb to
TCTP similar to that observed for Mss4 and Rab. The
TCTP Æ Rab model shows that there is an additional steric
clash close to switch I of Rab. This would also preclude an
interaction between Rheb and TCTP. Finally it was proposed,
that Glu12TCTP is an essential residue for GEF activity to-
wards Rheb [5]. Glu12TCTP corresponds to Arg 29Mss4, which
is not part of the interaction surface and is located far away
from where Mss4 aﬀects nucleotide dissociation.4. Discussion
Here we present various lines of evidence from which we con-
clude that TCTP does not act as a Rheb GEF. Firstly, real time
GEF measurements with puriﬁed vertebrate proteins do not re-
veal any exchange activity. Importantly, the experiments were
performed under conditions that where previously established
to study the GEF-mediated guanine nucleotide exchange mech-
anism of Ras and Ran [19,21]. It is the standard assay for any
GEF of Ras-like small G-proteins which avoids any solid phase
interactions such as the nitrocellulose ﬁlter assay. Secondly, gel
ﬁltration with Rheb and TCTP in the presence of EDTA shows
no complex formation. EDTA removes Mg2+ from the nucleo-
tide binding site of Ras-like G-proteins (also of Rheb), reduces
the aﬃnity of the nucleotide 100–1000 fold and thus mediates
the formation of a stable binary nucleotide-free complex com-
posed of GEF and G-protein [4]. The strongest argument
against the ability of TCTP to interact with Rheb is demon-
strated by NMR binding studies. In the 1H–15N-HSQC spectra
no signiﬁcant NMR chemical shift diﬀerences for Rheb were
detected up to a threefold molar excess of TCTP. Considering
the large structural rearrangements normally induced upon
the interaction of GEFs with their cognate G-proteins [4], we
conclude that these proteins do not interact with each other
or that, at least, their aﬃnity is, at best, in the millimolar range.
This ﬁnding is not surprising in light of the structural data
available for various TCTP proteins and the MSS4Rab3 com-
plex. While the core of TCTP and Mss4 superimpose well with
each other, a sequence insertion in TCTP causes a steric clash
with Rab3, excluding a similar interaction mode of interaction
for TCTP and Rheb as found for Mss4 and Rab. In addition,
residue Glu12 that was found by Hsu et al. [5] to be essential
for the proposed GEF activity, is far from the interaction inter-
face between Rab and Mss4.
Finally, our RNAi studies failed to detect a role for TCTP as
an activator of S6 kinase. Knock down of TCTP in two mam-
malian cell lines failed to lower S6 kinase activity as measured
by phosphorylation of residue Thr389. The same holds true for
Drosophila cells, strongly suggesting that this is not a verte-
brate-speciﬁc phenomenon. Although it may be argued that
our knock down was not complete enough to reveal such
eﬀects, cells from TCTP null mice show a normal S6 kinase
activation upon serum stimulation [22].
If TCTP does not function as a Rheb GEF as shown by our
experiments, how then can the genetic interactions as described
by Hsu et al. [5] be reconciled? The answer may lie in the eﬀectsof both proteins on cyclins. Indeed, Hsu et al. [5] have shown
that the TCTP mutant cells in the eye can be rescued by over-
expression of cyclin E. Previously, it has been described that in
Drosophila TSC1 and TSC2 deﬁcient cells, cyclin levels includ-
ing those of cyclin E are elevated [23,24]. This opens the pos-
sibility that loss of TCTP can be compensated for by
simultaneous loss of TSC1, thereby normalising cyclin levels.
Intriguingly, the mRNA and protein levels of cyclin E and D
are also diminished in mouse embryos lacking TCTP, while
various studies have shown eﬀects of TSC1/2 on cyclins or vice
versa [25,26]. Clearly, more studies are required in order to
decipher the relationship between TCTP and the TSC/Rheb/
TOR pathway. However, as shown here TCTP does obviously
not act as a GEF for Rheb.Note added in proof
Since acceptance of this manuscript, an additional compre-
hensive study failed to detect any biological link between
TCTP and Rheb/mTORC1 signaling [27].
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